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ABST it2 CT 

Work during t h i s  qua r t e r  has consisted of 1) completion of t h e  system modi- 

f i c a t i o n s  and repairs i n i t i a t e d  during t h e  previous quar t e r ,  2 )  measuring 

the  adhesion between d i f f e r i n g  s i l i c a t e  mlcerals whose contact faces  htive 

bsen fomed  "siGlUltaneously" by cleavage at u l t r ah igh  vacuum, and 3 )  con- 

t i m a t i o n  of the  t h e o r e t i c a l  analyses of t h e  observed long-range a t t r a c t i v e  

f o x e s  . 
3 . e  system modifications consis ted of the  design and a i r  t e s t i n g  of a double 

cleavage device and an e l ec t rone te r  probe, and t h e  i n s t a l l a t i o n  of addition- 

a l  ports and f eea th rus  t o  permit operation of these,  and a r e s idua l  gas 

analyzer which i s  t o  be included i n  t h e  system. 

resoving le&s 'chat developed during t h e  previous quar te r ,  These modifica- 

t i o n s  and r e p a i r s  were conFleted by t h e  e a r l y  p a r t  of February. 

System repa i r s  involved 

Zight  double cleavage runs were made during the  remaindsr of t h e  quart: . .  O f  

t hese  one was successfu l ,  one, though bas i ca l ly  unsuccessful,  provided s m e  

h t e r s s t f n g  iriformation, and the remaining s i x  were f a i l u r e s .  

c.l urrries i e n c o u t e r e d  appear t o  have been l a r g e l y  overcome ar,d it i s  expected 

The d i f f i -  

hyh~e a c o x i d e r a b l e  increase  i n  success percentage w i l l  occur during t h e  

cex-t quar te r ,  

The successfu l  double cleavage run w a s  f o r  or thoclase (001) and microcline 

(301). 

the adhesion gradual ly  dropped below de tec tab le  i n  a few hoxrs. 

The adhesion force  between these  was about 0.4 6jm i n i t i a l l y ,  and 

A long 

' range a t t r a c t i v e  force  was present ,  but  t h i s  had no tendency t o  r o t a t e  o r  

1 



I 

displace t h e  samples; a l s o  t h e r e  was no a t t r a c t i o n  t o  adjacent ne t a l .  No i 
repulsion w a s  evident a t  any t i n e ,  

provided sone i n f o m a t i o n ,  was a lso  f o r  or thoc lase  (001) an& microcline 

(001). 

6 x Z  segnient of t h e  microcline (uaper sample) remained ir, place acd sever- 

al. f ragnents  of t h e  bottom sample attached themselves t o  it ind ic&t ing  the 

presence of a long range a t t r a c t i v e  force.  These fragments remained a t tached  

u n t i l  s h o r t l y  af ter  t h e  system w a s  rcturned t o  atmospheric pressure.  

The b a s i c a l l y  unsuccessful rim, which 

For t h i s  run, both sam?les broke i n t o  seve ra l  pieces.  However, a 

Due t o  t h e  design problems encountered i n  t h e  double cleavage, we have not 

as y e t  placed t h e  electrorceter probe and r e s idua l  gas enalyzer i n  t h e  system. 

It is expected t h a t  t h i s  w i l l  be done during t h e  next qua r t e r ,  I n  the  i n t e r -  

ix, we have placed t h e  analyzer i n  a second, similar, u l t r z h i g h  vacuum system. 

Xo r e s u l t s  are ava i l ab le  from t h i s  system as y e t ,  The readout instruments- 

Llon f o r  t h e  load  c e l l s ,  ordered at t he  beginning of t h e  previous qua r t e r ,  

% h x g h  pas t  due, has not as ye t  been received, 

_- . 

Theore t i ca l  s tud ie s  of t h e  cause of t he  lotlg range a t t r a c t i v e  forca  have 

continued, 

I n  Space Ezvironments" symposium, Toronto, Canada, May 1-2, 1967. 

i s  reproduced i n  Appendix A. 

Resul t s  t o  date w i l l  be presented at the "Adhesion of Materir;ls 

The paper 

The r ecen t  vacuum cleavage data and t h e i r  inplica'Lions t o  t h e  noon w i l l  a l s o  

be 2rcsented  zt the  synposium and t h i s  paper i s  reproduced i n  Appendix B. 
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1.0 INTRODUCTION 

1.1 General 

T h i s  repor t  p rcsents  a summaqy of work acconplished during t h e  per iod  

January 1, i367, through March 31, 1967, on t h e  study of t h e  u l t r ah igh  

vac.xm frictional-adhesional. behavior of s i l i c a t e s  as r e l a t e d  t o  t h e  

lux;. surface; This work i s  being conducted f o r  t h e  Office of Mvenccd 

Rcccarch and Technology, National Aerosciutics and Space A b i n i s t r a t i o n ,  

undzr Corrtract NAS 7-307. 

1.2 Purr,oze end Inoortance of t h e  Prc:rem 

The p r ina ry  3urpose of t h e  progren i s  t o  obta in  quan t i t a t ive  ex2ezinent.d 

d z ~ t  concerning t h e  ultra!-Lgh vacuum adhesional behavior of t h e  rnaterials 

whlck may p resen t ly  e x i s t  at the  lunar surface and t o  obta in  slmil:.r data 

f o r  adhesion between these  luna r  surface ma te r i a l s  and those  engineering 

rt&r;erials which zay be placed upon t h e  su;"f~ce.  

 AS p r o g r G  w e  t o  Endlyze t h e  data w i t h  regard t o  t h e  poss ib le  reac t ions  

of Granular nzte;-ials t o  engineering opermions  and t o  i n v e s t i g s t e  cleans 

by which aii problems posed by these reac t ions  may be minimized. 

Additional palposes of 

L-  

The imgortance of t h i s  program i s  t h a t  adhesion phenomena can pose serf--  

GUS problens t o  l una r  sur face  operations. 

1.3 

'=!le f i r s t  month of t h e  qua r t e r  consisted of modifying and repairicz t h e  

cxperimental chamber, a i r  t c s t i s j  the double cleavage device, and continuing 

;.'.srk AccornFlished 22:rinc '?;;is Quartr-r 
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t h e  t h e o r e t i c a l  s tud ie s  of t he  cause(s)  of t h e  long range a t t r a c t i v e  forces  

observed after vacuum cleavage. The remaining two montns of t he  qw,rter 

consis ted of double cleavage u l t rah igh  v~cuum runs t h e  ini t ia6, ion of 

s tud ie s  of t h e  source(s )  of t h e  gas bu r s t s  observed during cleavaga q e r a -  

t i o n s ,  and continued t h e o r e t i c a l  studies. 

2.0 II~?STRYME1;TATIO:\I 

The following sec t ions  describe. the  major system modifications mcde o r  begun 

during t h i s  quarter .  

2.1 Lozd Cell 

A load c e l l  w a s  constructed during the  previous quarter .  The ?%-poses of 

zhe c e l l  are t o  &?ply load fo rce  to the  s a q l e s  after cleavage and t o  ness- 

. bLL -4 -, t he  foxc -d i s t ance  re ia t ionship  of t h e  long range a t t r a c t i v e  force.  

n- i x  requiyed rmdout  i n s t r m e n t a t i o z  w a s  ortiered at  t he  begiming  of t h e  

ct;-;-kr. T’ne o r i g i n a l  due dzte has long  s ince  passed, but  t h e  equipment has 

.- - .- 

. rub  2rr lv; l  x.d t h e  bes t  avai lable  I n f o r m t i o n  i s  t h a t  we can expect it 

sc ... & i m e  i x - i n g  A p r i l .  

I s  “til: 3 L n g  used t o  measure adhesion force.  

Because of t h i s  d i f f i c u l t y ,  t h e  mechanical spr ing 

2.2 Cinc-<:-.:=. Kodification 3.36 Repzir 

%e chcixbcr w a 3  modified by ;Be addition of two por t s  and two e l e c t r i c a l  

T~-<Lthrus t o  allow an electrometer probe and a r e s idua l  gas analyzer t o  be 

-,k.ced i n  t h e  system. 

Zcvcloped during t h e  l a t t e r  part  of t h e  p r w i o u s  quarter .  

- 

Concurrently, we repeired various leaks which had 
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2.2.1 

meesure t h e  charge d i s t r i b u t i o n  over t he  surfaces  of t h e  vacuuzn cleaved 

saiiples. 

report .  

Electrometer Probe: The purpose of t h e  electrometer  probe i s  t o  

The probe design was discassed b r i e f l y  i n  t h e  grevious qua r t e r ly  

Construction has been cozpleted during t h i s  quarter .  

The probe has not as ye t  been mountsd i n t o  t h e  system due t o  the  &Lfficul- 

t i e s  encoimtered i n  obtaining successful  double cleavage runs. It i s  how- 

ever  planned t o  use the  probe during the cext  qua r t e r  s ince  t h e  major dif-  

f i c u l t i e s  involved i n  obtaining double cleavage appear t o  have been resolved. 

2.2.2 

vacuun cleavziges. 

qua r t e r ly  r epor t s ,  bLt r a t h e r  appear t o  be t h e  r e s u l t  of t h e  v ib ra t ions  

prochced during t h e  cleavage operations.  

which c o d d  produce gas bu r s t s  as e r e s u l t  of system vibra t ion .  

L; c k s o q t f o n  of phys ica l ly  a’dsorbed n e t e r i a l  from t h e  chamber w a l l s ,  b )  

r..3 zozeatc*y o p n i n g  of microcracks i n  the ’chmber  walls, and c )  2eso;qtion 

Eesi&c.el Gas Amlvzer: Gas bu r s t s  have been noted during most 

These &re not associated w i t h  t h e  samples, see previous 

T’ere a re  t h r e e  l i k e l y  e f f e c t s  

These a re  

* ’- 

02’ Zsses f r o 3  the ion p ~ q  (such as helium) vhich are poorly puzQed azd held. 

2. add i t loca l  port  was adzed t o  the chamber t o  permit inc lus ion  of a CEC 

Rari&ual  Gas Analyzer. 

-.- 
1, j Cc.-’.)13 Cleavage Device 

TLe p u r p ; a  of t h i s  device i s  t o  obta in  two simultaneous cleavages, i n  ultra- 

.,-.;’;I vac~c-:., of d i f f e r i n g  s i l i ccLs  minerals and then  LO permit measurement 

GZ t h e  adhesion between these  unlike stxrqles. 

.- -. 
I 

5 



. 

The i n i t i a l  design of t h i s  device w a s  siniler t o  t h a t  of t he  si:&e cleavage 

device, t h e  s i c g l e  c h i s e l  po in t  s ixp iy  belng replaced by two points and t h e  

a n v i l  being Eoci f ied  t o  s ~ ~ p l y  support o2;lsosite both c l e a  

procedure w a s  t o  a )  f a s t en  t h e  two smples toge the r  by xeans of a cog-per 

cyl inder  nttzchcd t o  a hor i zon ta l  spring, 3 )  br ing  t h e  c h i s e l  acd zrivll i n t o  

posi.i;ion ( t h e  c h i s e l  t i p s  being inserted i n  s l o t s  cut i n t o  each s c q i e ) ,  c )  

L > L ~  a g r c c u d i y  Increzs ing  pressure u n t i l  tk-.,. cleavages were obtt?.<i:ed, d )  

r e l y  ~7::- t t e  hor i zon ta l  spr ing  t o  pill t h e  center  pieces out of t k e  way, 

'a Foints.  The 

e ) .--* ~,~.ci, c remove t h e  c h i s e l  and anv i l  from tEe sample v i c i n i t y ,  and f i n a l l y ,  

T) lower ",he remalning sample. halves i n t o  contact f o r  t h e  ncihesion x a s u r e -  

._ i . . ~ r . Y e  _^._ 

isciquat;te fii vacuun. 

strer.,-th which pro2uced d i f f i c u l t i e s  i n  t h e  maintenance of proper sample 

p ~ ~ l t l o n  and s x q l e  i n t e g r i t y .  

This procedcre appeared t o  work wel l  i n  a i r ,  but ?roved t o  be q u i t e  

Tnc major problem was t h e  wide v a r i a t i o n s  i n  sangle 

.. .'.vc-: 02 t k  a i r  t e s t s  werj x s l a  w i t h  non-s i l icc te  semples which d i c  c o t  

p b u u - d 4  uArr  ... 2 ~ z s s  of t h e  s i l i c z t e s .  This tr;s done i n  order  t o  preserve 

G.L;. ---.L%c - .f "_ 

--, - r . L'u .. -* 

1tizp31y o l  s u i t t 3 l e  s z ~ l i :  uzter i=l .  However, 036 sir t e s t  w a s  

p- ..I-- z -  yl',h p -  L - i c a t e s  1 and was S U C C S S S ~ C ~ .  Revertheless, subsequent ev zts  

- ._- r-uv,d t%ct :his success was t o  a largs deg-ee f o A u i t o u s ,  The v a c u u  runs 

SLOT.-< t h ~ t  vs:lzLioss h smple s t rength  a lnos t  i nva r i ab ly  l ed  t o  038 

s ~ q l e  ClSzVii:z  first .  O w e  t h i s  occurred one or both of t h e  following 

I. * G - - ~  ..1 -- gcserslLy occur: T h  ~-&he:: s a c y l e  would f r a c t u r e  i n t o  a n m b e r  of 

>Lz:cs; and/oT ûhs h o r i z o n t d  snr fng  would tilt t h e  remaining s a q l e  ? a r t s  

t o  -.As clegroe thz the secoad cleava;;c coclii 3ot be obtained, 

c 
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a) Attaching t h e  copper cylinder d i r e c t l y  t o  t h e  anv i l  rt?d 

removing t h e  horizontal  sp r i cg ;  

Chmzing t h e  rinvil shape t o  provide more pos i t i ve  sanple 

support. 

b) 

We have made two runs s ince the  incorporation of these  modif icat iocs ,  one of 

which w a s  successful  and t h e  o the r  of which w a s  near ly  SO. 

Eight u l t r ch igh  vacuu;;1 d0ubl.e clcwzge r 'ms were made during t h i s  quarter .  

Gf t hese  I GX VLS. successfu l  and o x ,  though b a s i c a l l y  m:,.;ccessful, pro- 

v i  & d Li & + :c st i ng  qua l i  t zx-1 i v e  i n f o m a t  i oa . 
X n  H 5 1  Orthoclase (GO1 ) zcd Xicrocline (001 Double Cleavage 

The <.ou?Le cleavage WIS nerformed a t  a syszem pressure of 2 x 10 -10 ar "3. ,. 

A pressure Sur-st t o  about 5 x lOogm Ilg w a s  observed. 

c?pm s&z$a (Xicroel ine)  broke not only a t  t h e  des i red  spot  'out a lso  a t  t h e  

cmcs-pin hole  holding it t o  the  mchanica l  spring. 

During cleavage, t he  

The lowzr s a q l e  broke 

a _... ..*.,35u of pl ieces .  A s  t he  upper sample was lowered, several  chips of ,rL.. . . i--  

- 2 : ~  f x c t c r e d  ox-kkcclcise a t tached thenselves t o  the  microcline f r a c t u r e  face.  

- r . L  l a r g z s t  chip WES of dinensions about 0.5 x 0.5 x 1 . O m .  This attach9ent 

iccozs t rzced  tiic exis tance of adhesion and t h e  ind ica t ions  were t h a t  a long 

r;;r~e at t r ;c t Ivs  fo rce  was praser,t. 

r;i- ~ 

';!e were U G G ~ L  t o  rezove t h e  ortkoclase chips from t h e  microcline,  bu t  we 

- 7  ns.Ae I.' d ~ l e  with t h e  chisea t o  r.ove t h e 3  over t2e  surface t o  soze degree. The 

?;l;-Ciclcs :-;n,lccc? a t t sched  ~ : c t l l  s h o r t l y  a f t e r  t h e  system w e s  brought t o  

7 



atmospheric >ressure.  A t  t h a t  t i m  a l l  ind ica t ions  of adhesion disapgeared, 

Run 852 Or",:;oclase (001) ar.d Microcline (001) Double Cleavage 

n:. A A L L  Couble cleavage was pcrforrcjed a t  a system pressure of 2 x 13 -10 nun Xg. 

X pressure bu r s t  t o  about 5 x 10 -9 ani Hg w a s  observed. Both cleavages were 

gaod. KO rcLi,-.ur..ent of The sanples o c c u r x L  sa t h a t  d l  eontects  were made 

with t h e  respect ive a-axes aligned. F i r s t  contsct  w a s  made f lvc  o inutes  

a f t e r  cleavage. 

force grsdual ly  decreased t o  below nsasurement c a p a b i l i t i e s  i n  a3cut two 

i.oliis. The da ta  a re  shown i n  Figure 1. 

This r e su l t ed  i n  an adhesion force  of about 0 . k  D. This  

A long range a t t r a c t i v e  fo rce  vas aoCed for a l l  nzasurenects,  Tnls fo rce ,  

houever, d id  not give any ir..dlcaticas oI" ;?roiu;cing sample ro t a t ion  o r  6is- 

$&cement, ;io saTple repuls ion was present  at any time. 

n.. l i ~ "  bLL - &ita obtaii-zd t o  date OA t h e  acilhesion between dissimilar sill- 

CL;;S c l e ~ v n d  i n  u l t r A i g h  vacrclum. d e n o x t r c t e  t h a t  d i s s imi l a r  s i l i c a t e s  

w i d -  ~ L k ; - 2 ~  Tha sZhesior ,d  behzvior i s  s k L l c r  t o  t h a t  of E k e  ~ ~ c u m  

c h a v e d  sl:-,c&es. 

f o r  both 22;ns the long range force was ntt;*active. 

~.~c.?zs;*ly repor t s  have ind ica ted  t h a t  

clccved s u r f t c e s ,  long range rep ls ive  forces  can be produced. 

two runs arc r.ot s u f f i c i e n t  t o  exclcde t h i s  p o s s i b i l i t y .  

. - -  

?robably t h e  nost i n t e r e s t i n g  f ind ing  t o  dzte  i s  t h a t  

Discusslons i n  p r e v i o u  

p a r t i c u l a r l y  with d i s s h i l a r  vacuum 

Obviously, 

. L A  7 .- t h e  p;-~-,*Lo.~s quzr t e r ly  r epor t ,  w e  preseiited w ~ y s  i n  vhich vacuum cleavage 

-u:::*su$? Cr"ct-pro?iced polx- lzz t ion  f i e lds  could ciuse e l e c t r o s t z t i c  sur- 

f x e  charclr,g. A nore de t a l2 .d  discussion including e f f e c t s  of non-uniform 
8 
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i r p r i t y  d i s t r ibu t ions  is given i n  Appendix A. 

mP, *&.,ese ef fcc ts ,  f o r  cissixilar vzcum-clseved mincrzls placed i n  cor.tact can 

produce both  loag ra ige  a t t r a c t i v e  anE/or reouls ive forces ,  Ir: addi t ion ,  

f o r  dlssi;.Lltl- r 2 n e r d a  t h e  respective work funct ions must be considerec. 

I-T- A..L.e ?.? work funct ion diffc-.-mces 

pro&dce sur face  polar iza t ion  end k n c e  

Furckxr da t a  a r e  required t o  &terniine whether the possible repulc5 on-pro- 

Lxcing mcchanisns C E ~  on occasion outweigh t h e  work funct ion e f f e c t ,  

a f t e r  cleavage has produced n2scer.t sur faces ,  

a t t r a c t i o n  between t h e  surfaces.  

r i  &..--T aye zot  suff-cient  da ta  as yet  t o  reach any firm conclusions concern- 

ic,- t h e  t3 i e s iond .  behavior of dissimilar, vacuum cleaved, s i l i c a t e s ,  Iiow- 

C - V ~ L - ~  t h e  f ind ings  t o  date can be sumar ized  as follows: 

a )  

b )  

Dissimilar s i l i c a t e s  cleavcd ir. ulzrahigh vacuum c a  Edheze. 

The adhesional behavior of’ t k s e  iiissimilar sil ics.%es is 

s i  A..blzr ,,. u2 t h a t  of X ; e  s i l icLzes .  

m, ~notr;;; cko - ry  predicts t h z  a r e p c h i v e  fo rce  czs  Se preszc t ,  c )  

zoze hes ye t  been observed. 

9 
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Appenaix A 

N67:23968 
Production of Surface Electrostatic Charging on - - a  . 

Dielectrics Cleaved in V~~cuum: T%costi& 
* by Jack Z, Grossiian 

~4lo-k presented at Adhesion of Material6 

&an (this Conference) has observed t he  famation of considerable swfsce 

charging far silicates clewed at 10-l' torr. 

a p p n t l y  mu-mifcm on 8 macroscopic scale, persists t o  10 

This charging is  stable, 
-4 tam, and 

contributes fiignificantly to t h e  adhesion. fWdtiona1. clbsemat-lmu hevc been 

:ha% t h e  resultat force field is 3f such a ratwe t h a t  it carL m t e h  the 

e m p k s  in to  Ugrnerit,  and that while on sme W C S S ~ J ~ S  the sa~plcs are 

attracted to any metal i n  the  vicini%:; on other occasions there i s  no 

&traction. Tn2s F s r  considers mechani,%s which cctitd bo responsible for 

this ckrgiag; 3n particular, the electronic structure of crystalline as-' 

Locations and n m - u i f o m  hpuri-ky distributions which pmdricc charge rnosaico . 
A nmber of theoretical  mdels are discussed by wbich an electric polarization 

can be induced into non-plezDeIectric, &electric c r p t z l s .  Then during 

cleavage throw such a pohrization field, c a ~ l a e n t a r y  &age  distri3utions 

are produced on opposite faces o f t h e  cleavage plane. 



/ . 

then by a number of investigators and establish an experimental basis for 

Elating part of the long range electrical forces 'on cleavage surfaces to  

the motion of bundles of edge dislocations and the defomation bistory of the 

specimen. 

Paired cation-anion vacancies and Frerdrel defects are examples of more shp le  

defect systems w h i c h  contribute t o  electrical cha-ge effects,  especially i n  

the presence of non-uniform inpurity distributions. Deryagin's and Brya?t's 

observation of charge mosaics i n  reversible crack propagation is  an example 

of this. 
/ 

Finally, erne brief c m e n t s  are nade concerning the role these 

swface charging mech.nims may play in the adhesionsl behavior of lunar 

materials. 

Key Wozxls: 

Charge, Bpurity Distributions, Cleavwe, Polarization, 

Adhesion, Ultrahigh Vacum, Silicates,  Moon, Dislocation, Space 

, 
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Production of Surface Electrostatic Charging on Dielectrics 

Cleaved in  Vacum: Theoretical 

J. J. Grossloan 
* 

Introduction 

mn and Baker ( th i s  conference) 113 have observed the formation of consider- 

able surface charging for s i l icates  cleaved at loo1' torr. 

stable, apparently non-uniform on a macroscopic scale, persists t o  10 

This charging is 

t o r r  -4 

and contributes significantly t o  the adhesion. Additional observations have 

been t h a t  the resultant force f i e l d  is of such a nature t h a t  it can m t a t e  

the samples into a l i m e n t ,  and that while on some occasions the samples 8re 

at t r rc ted t o  any metal i n  the vicinity, on other occasions there is no 

at t r ac t  ion . 
The long range force which attracts and aligns cleaved sarnples is assumed t o  

be electrostatic since no other knm forces which could act  are attractive 

at 1-2 mm separations. 

Attraction of sane samples t o  t h e  grounded metal chisels indicates that e i ther  

the  net charge on each half  o f t h e  cleaved s i l i ca t e  i s  not zero, or the 

separation between positive and negative regions is large enough t o  induce a 

dipolar image charge i n  the metal t o  which it then is attracted. 

.. 

Same samples which exhibited long range at t ract ive forces when brou@t 

in to  contact also exhibited rotational and translational reorientation back 

t o  t h e i r  pre-cleavage alignment. This suggests %hat the charging on mating 

SSmpleS consists of dipolar or multipolar distributions which are camplinentary 

to one another OA the Dating cleavage faces. 

1 



6. ? . . . .. 

The hypothesis explored i n  t h i s  paper I s  tha t  t he  cleavage'plane intersects 

a polarization f ie ld  P i n  these insuht ing  silicate crystals which has non- 

zero canponents perpendicular t o  the cleavage plane P 

4 

+ - +  -t n = 0 where n 

16 t h e  unit normal vector t o  t h e  cleavage plane. mis *per considers, 

q-tatively, meclumisms which could be responsible for t h i s  charging; in 

particular, the monopolar and dipolar structure of individual dislocations 

and dislocation arrays associated with stress f'ields and with charge mosaics 

produced by non-uniform impurity distributions. 

In the  following sections t h e  nonopolar and dipolar structure of edge disloca- 

t ions is i l lustrated wing the fcc alkali halide la t t ice  as an example. 

theory of Eshelby e t  al [21 of a cylindrical space charse cloud surmunding 

The 

an edge dislocation is extended t o  include a dipole s t r u c t w  because l a t t i c e  

6yrmeti.y is lower i n  t he  vicini ty  of t h e  dislocation. Then, internal pohriza- 

t ion  fielils producea by organized motion of dislocations in st ress  fields is 

discusoed. 

if t h e  relaxation time is sufficiently long. Next the origin of internal 

polarization fields due t o  non-uniform inpurity distributions is related t o  

Cleavage through the field leaves a net surface or volume charge 

the  position of the Femi level i n  the forbidden energy-band-gap. Then, the 

Rroposed, theoretical  models are discussed i n  relation t o  the  experimentally 

observed charging effects. 

these various processes m y  play at the  lunar surface. 

- -  
- 

Nnally, sme brief c m e n t s  are given on t he  role - -  

Surface and we Mslxa t ion  Charge Mstributions 

space Charge Distribution a t  a Crystal Surface 

Lehovec (31 treated non-uniform charge distributions i n  ionic crystals baaed 

on m d e l  swes ted  by Frenkel 143. He considered the  space-charge layer 

2 



produced a t  the surface of a crystal due t o  Frenkel and SchottQ defects. The 

theory i s  summarized here because it is fundament& t o  what follows. 

If the nmber of l a t t i ce  defects i n  a crystal is suf'ficierrtly s m a l l ,  the Gibbs 

potential o f t h e  i- cmponent Gi is, t o  a good agproximation, a logarithic 

function of the concentrations Ni, 

t h  

where k I s  the Boltman constant, T is the 8bSOl~te  temperaare, Ei is the 

heat of reaction, and Zi is the number of possible positions of psr t ie les  

of type i. When a defect is transported from the  surface at the reference 

potectial V = 0 t o  stme point x i n  the crystal  where the electrostatic potenkial 

I s  V ( x )  due t o  the  figace charge near the surface, t he  heat of reaction will be 

Let  N+ and N be the  bulk concentrations of i n t e r s t i t i a l  cations mil anions 

and V+ and V be the concentration of cation and anion vacancies, 

Then 

- 
I 
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s . .  

(The Convention used is that interstitial ions are transported from the  

aurface t o  the  inter ior  whereas for vacancies, a 

from the bulk t o  the surface). The space charge 

la t t ice  ion is transported * 

density is 

(7) 

which is just conyensated by the camplenentary surface charge. The msgnitude 

o f t h e  space charge density close t o  t h e  surface is 

xhen U1. k!P = 25 mV at' 25'C. The crucial  pints,when s tar t ing with a 

perfect lattice, a3.e 

Xf the enwgy cf fonnation of i n . e? r s t i t i a l  cations is less than 

i n t e r&i t i a l  anions, more i n t e r6 t i t i a l  cations w i l l  f o r a  and 

oligrate into the  interior than i n t e r s t i t i a l  anions. 

If the energy t o  transport positive l a t t i c e  ions frcxn t he  bulk t o  

the surface is less than the transport of negative Lattice ions, 

then t h e  greater number of V+ la t t ice  vacancies vill be created 

than V vacancies. - 
w 

The migration of interstitial6 (process "a" above) would leave t h e  

surfaces nes t ive ly  charged while t h e  migration of lat t ice ions t o  

the  surface (process "b" above) would lesve the surface positively 

charged. Tfie net  charge is a canbination of these two processes. 

The presence of impurities modifies t h e  equilibrium concentrations 

of vacancies and in te rs t i t i a la  Ijl. 

4 
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An exact solution f o r t h e  potential f b c t i o n  was found for surface ches@;lng 

by Frenkel r33 
resnlt i t r  .that 

and Lehavec I 2'1 and it is  given in appendix A. I The important 

f o r  t he  NaCl ionic l a t t i ce  the bulk potential is 

' 

which corresponds t o  an excess of lib,' ions on the surface of the  crystal and 

a negative space charge cloud in the surface region corresponding t o  N a  ion 

vacancies. 

+ 

me penetration of the s p c e  charge layer I s  found t o  be 

and the surface charge densify 

2 
A t  T = 6006K, Q =: 1.6 x 10" chmges/m . A t  roan tenperature the space 

chsrge re#m is .l5 cm deep which is conparable t o  the  distances mer which 

the long range forces are observedto act. 

Monopole Structure of Edge D5.sloce;tions 

Eshelby et  

perfect screw dislocations, i n  ionic crystals should be charged by having an 

-zed Pratt's L63 suggestion that dislocations, excluding 

excess of jogs of one sign surrounded by a sheath of veeancies of preaaminantly 

the opposite si@. 

dimensional surface which emits vacancies into the bulk o f t h e  crystal. This 

I n  esceace, the edge! dislocation may be considered a one 

establishes an electr ic  field which is s i m i l a r  t o  the surface spece charge 

layer treated by Lenvrec. The analogy is even more apparent by considering 

the  t ransi t ion sequence A.cm an isolated edge dislocation t o  a plener array 

(which is a l aw w e  grain boundamy), t o  a large eagle g.ain boundary, and 

flnaUy separation ir&o icdependent c r y s t a l  surfaces. 



. . .  

The electr ical  a t r u c t m  of the  dislocation is therefore a mono3pJ.e line 

charge (r charges/cn) swmunded by a cumpensating vacancy atmosphere. The 

mathematical problem based on Poisson's equation is similar t o  Lehrvec's 

crystal surface equation 3 (appendix A) namely 

with the new boundary conditions required for 8 line charge, Eshelby et al 

give the solution for mall. values of p = e (V - Vm)/Kl! In terms of the 

modified Bessel Function 

(N+ + V is  cmnected t o  Leh3vec's E\araeter by ~ T T  e'. 
v h e r e 2  = 0 

K k = f i  

given a piore detailed analysis. 

. Recently -hler, Lmgreth and Von Turkovich (3,962) 171 have 

Bysica l  Structure of f.c.c. Eage Dislocations 

Certa in  geae t r i ca l  properties of edge dislocations should be discussed before 

the e lec t r ica l  "Yheory can be extended. More explicitAy,the \GO11 edge 

Uslocation in a fcc l a t t i ce  o f t h e  I T a C l i s  chosen as an exxiapple, Ngure 1. 

It is forned by removing a seni-inflnite pair of adjacent (GO) pLanes begin- 

nlng at the slip plane. In the (001) plevle shown EL I l i O j  Une 09 %+ ions 

( s m a ~ .  circles) and an adjacent l ine of ~ 1 -  io& (Large circles) m removed. 

In t h e  next lower o r  upper (001) plane the Na+ and C1- ions interchange 

positions. This alternation of ions continues in succeeding p h e s .  Therefore, 

to t he  order of approxhation considered here, the perfect edge dislocation is 

clectricaUy nelrtral, though a8 discussed later a di -aok  char&e is actually 

present also. 
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Mation of a [OOlI dislocation is sham schematically i n  Figure 2. 

tion care is  comprised of three Ha+ icm and three C l W  ions distributed i n  

the forn of a distorted hexagon on four (no) planes, two above and two below 

the s l i p  plane. 

and below the s l i p  plane, interchange positions m o v i n g  8 distance 

me disloca- 

Zlhder Stress, one Ra+ .- C1- ion pair on adjacent planes above 

&$!/4 
throw& the stressed Memedia te  configuration s h m  in 3Ygw-e 2b. 

+ When a d i s lxa t ion  emits a vacancy, an ion (a Na ion i n  the case shown i n  

Figures 3) mves into the center of the dislocatiou core j u s t  below the s u p  

plane. The vacancy which d i m e s  away fra the dislocation forms part of 

the capensating space charge atmosphere which surrounds the ion in  the center 

of the  dislocation. The new configuration which places a charge on the dis-  

location Une is identical with that i n  Figure 2b except that the s l i p  plane 

i f 3  2/& Le03 lower (Figure 3). 

may be considered t o  be 180' out of phase. 

In the s t a t i c  case, then, the charge center 

Alternatively, when the dislocation 

moves along a given (110) sup plane, the c w g e  center associated with the 

dislocation milves along a s l i p  l ine  paraJlel to the (UO) slip plane but 

displaced l / 4  [I.i03 below t h i s  plane. If the sequence of configurations for  

the dislocation is  represented tu a, b, a' then the co r re6~ndh .g  sequence fo r  

the charge center is b,a,b'. 4 

Calculations o f t h e  l a t t i ce  dlsta-tion surrounding dislocations i n  ionic fcc 

crys ta ls  have been carried out by Huntington e t  al ( lss) ,  18) and Eassani . 

and Thmson (1956) 193 . In bath investigations, association energies are 

calculated f o r  inpurities and vecanciea interacting with edge and screw 

dislocations. Althou& Easseni and Thornson use a potential APlcticm which 

recognizes difYering ionic  radii f o r  the positive and negative ions, Table 1; 



. .  

EFPedive Ionic Radii of Alkali W d e  Ions in Angstrom U n i t s  

LL+ 

m+ 
IC+ 

Fb+ 

C*+ 

.60 to (.78) 

a 9 5  

1.33 

1.48 

1.69 

Ratio of Cation to Anion Radii 

F- 1.36 

C1- 1.81 

Br- 1.95 

I- 2.16 

F- (21- Br- 1- 

Li+ 

NL3+ 

K+ 

Rb+ 

CS+ 
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they computed positions only for ions in the  configuration 

If we can assme thet larger dianeter ions are forced A.om 

shown in Figure 1. 

regions of high 

stress t o  regions of l a w  stress while the reverse i s  t rue  for  smaller diameter 

lons, then ions 4 -went (001) planes w i l l  be displaced as shown sehemtically 

in Figure 4. The net effect is that l i ne  dilples are produced at each of the 

six positions surrounding the dislocation core . These dipoles can be signif- 

icant because each atonic plane contributes three dipoles as canpsred with one 

1 

monopole charge per huncbed atoms along the dislocation B e .  

The mlution for  the space charge f ie ld  produced by the dipole structure due 

t o  the dislocation is mare difficult than the monopole 60l~t iOn (for reasons 

sinilsr t o  those given by Eshelby). A particular so lu t im f o r  the potential 

given i n  a f o m  that the monopole and d i p l e  cases can be compared is 

where a is the l a t t i ce  spacing, ~ D / C % M  is the  ra t io  of the number 

d ip les  t=, nmopoles per unit length of dislocation, Ko(x) and 5 ( x )  

(14) 

of 

axe the 

modified ~ ~ s s e l  h c t i o n  of orders zem ma one respectively, ana b is the 

angle between the radius vector ?and the dipole maiient vector m. A detailed 
3 

analysis of these factors is beyond the scope of the present pper except t o  

note that 4cais of the order of IO* t o  10-5 *ereas dp/dm 

10 t o  16. we conclude that the dipole field,  i n  cer ta in  circumstances J can 

make a significant contribution t o  the space charge distribution. 

can vary  ma 
2 

Another feature of the dislocation which was nentioned previously is that it 

lacks a center of symetry.  Therefore in a stress f i e ld  it will exhibit a 

9 
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piezoelectric 

pie zoeleetric 

effect, and the dipole moanent may be considered the net 

polarization induced by the i n t e r n 1  s t ress  field.  EkternaL 

pressure should mOarf'y t h i s  dipole moment sa that  any distortion of a c r y s t a l  

should be accompmied by a corresponding change i n  the polarization field. 

Polarization Fields in Bmogeneous Solids 

plastic deformation, dislocation climb and polygonization, which pxduce 

s u p  bands asla other non-uniform density arrays, am? well knm 110, ll, El. 
Tbese ordered and disordered textures are time dependent on m e t e r s  such as 

the stress field,  temperature, defomation rate and the s l i p  bands o f t h e  

opecified material. Dislocation pileup, multiplication, interaction, e tc , ,  

are processes which are assumed t o  be an integral  srt of any given sanple's 

history, especially with natural minerals. 

In the following ~ ~ S C U S S ~ O Z I ,  t'ne flnal dislocation distributions and orientations 

will be assumed without a t tmpting a det&led azalysis of the steps wfiich 

could produce then. 

distribubion associated with dislocation arrays and the  types of long range 

Instead, the focus will be on the electronic charge 

electrostEtic f ie lds  which can be produced by cleavage near o r  t h r o w  the array, 

d 

Dislocations i n  Thermal Equi l ibr iun  

The t r i v i a l  case, cleavage of a perfect, non-piezoelectric crystal ,  is one 

which cannot produce strong surface charging. 

space-charge layer by vacancy &@;ration, the net e x t e r n  Field is sltrews zero. 

Hmer ,  a repulsive dipole Field is pmduced at the edges of the crystal  which 

wmld tend t o  prevent the crystal  halves frm returning t o  t he i r  o r i g i k l  

During fonnation of the surface 

posit ions, Figure 5 .  

10 



Monopole arrays can pwduce surface charging if the  plane of the manopale 

distribution is not perpendicular to the cleavage plane. A dislocation m a y  

is represented schematically in Figure 4 by a plane intersecting the cleavage 

. 

plane. It can be-a  grain boundary, low angle grain boundary or  @&e b,uzds 

produced by c~oSS-SUP. 

The net surface charge after  cleavage is due t o  the unccmpensated charges In  

the la atmosphere at the htersect ion of the cleavage and dislocation plmes. 

. 

If 8 is the angle between the p h e s  and is the width of the 

Figure 6, then the wfdth of the attractive 

w = 3c''CacQ 

If the w e  i s  Oo, the crystal  contain3.q 

space chmge region w 

the di6location plane 

ion atmosphere, 

is 

(15) 

h&s a net 

charge with the same sign as the dislocations. 

ogposite on the tm faces) %-ill be different Rym zero whenever the cleavage 

plane i s  closer to the dislocation plane than 

atmosphere. 

The net charge (equal end I 

. I  

the width of the ion 

Tne siwe slip plane in Figure 6 produces a dipole surface byer. 7 
6 h m  a pair of dipoles produced by crass slip. Figure 8 shows a ccuplex 

multipde structure due t o  dislocation bands produced whenever the  =ne axes 

I - 

of intersecting s l i p  bands also intersect the cleavage plane. 

In each of the previous cases, it was implicitly assuned that the dislocations 

are randomly oriented, i.e., there are an equal number of positive and negative 

dislocations. Anasatropic s t ress  Fields and processes such as mlygonization 

can produce an excess of dislocations with the erne sign. 

schematically the polarization f ie ld  produced by the dipole mments of ordered 

Figure 9 shms 
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dislocations of a doubly deformed, polygonized crystal. I n  this case the 

monopole charge plays no role whatsoever in surface charging. 

Non-Equillbrim Effects 

A t  sufficiently Iw tenperature, the space charge surrounding the dislocation 

remains fixed in the crystal matrix as an external stress mves the disJnc&tion 

f’rm its o r i g i n a l  p s i t i o n  [2,8]. The dislocation motion carries with it a 

charge which can be observed as a measurable current [13, 14, 15, 16, 171 

1 .  

~ 

A dipolar charge distribution can be generated by motion of dislocation bundles 

which leaves behind the space charge cloud which initially surrounds them. 

Simultaneously new dislocations, generated by dislocation multiplicetion 

processes, mit immobile vacancies which add t o  the init ial  space charge 

density. Intersection of t h i s  polarization f ie ld  by the cleamge plane 

produces a surface charge, Figure 10. 

Inhomqeneously Doped Crystal Effects 

Hunogeneous crystals which have been considered i n  the previous sections 

include, implicitly, crysta ls  with UniformLy diGtributed iupurities. 

charge on the edge dislacation depends on the d o w t  [18, 193; for  exangle, 

N a C l  dcpd with Ca* prduces a higher positive charge per uni t  length than 

andoped crystals, whereas OH- ions All  charge tine dislocation nee t ive ly  t161. 

The net 

& 

The Ferni level or chemical potential i n  an annealed crystal  is everywhere 

constant whereas the energy difference between the valence ban& edge and the 

Fezmi level changes Kith conpsition, Figure ll. A w e l l - k n m  consequence is 

the built-in e lectr ic  field i n  the t ransi t ian zone between regions of varying 

impurity density L20, 21, 221. The electr ic  f i e l d  coupmates the diffusion 



force due t o  the charge carr ier  concentration gradient. 

plane t h r o w  an Inhomogeneous crystal region must intersect 8 polarization 

field as long 88 the  concentration w e n t  does not lie in the cleavage 

Tnerefore, a cleavage 

plane. The cleaved sections may ornay not have a net e lec t r ica l  charge which 

depends on the cauplexity of the impurity distribution. 

Discussion 

The pertinent eqpexhental evidence which forms a framewmk for  understanding 

the  long range electrastat ic  forces i n  vacuum cleaved s i l ica tes  can be divided 

as follows: 
4 

a. Direct Measurement of Surface Charge - Deryagin and Metsik 1231 

b. Adhesion of Mica - Bryant [241 

C .  Minimum Yield Stress - Eshelby et aI.121 

d. Direct Keasurement of Current Flow During Crystal Defornation 

e. 

f. 

UHV Measurment of Long Range Attraction - Ryan and M e r  [l] 

Theory of Junctions i n  Semiconductms and Insulators 

Deryagin and Metsik 1231 found vaxiations i n  the electrostatic charge on a 

m i c a  surface during cleavage which they found -was sensitive t o  vater vapx. 

Bryantts calculations c24) agreed with the observed increase i n  mica adhesion 
2 2 A.om 260 ergs/cm ic  air t o  2000 ergs/cm i n  vacuum if he assumed tha t  the 

increase was due t o  the e lec t r ica l  work done i n -  separating a mosaic of 

e lec t r ica l  charge on t h e  cleavage surfaces. I n  air the high polarizability 

of water was assued  t o  disrupt an undefined pmcess which induced organized 

t ransfer  of cations t o  one of t h e  tv=, surfaces newly formed by the mica 

cleavage. Since the energy of cohesion can be decreased by a factor of ten by 

the  cleavage envimment, the origin of the polarization f ie ld  which o r , d z e s  

cation transfer into large area mosaics is a significant problem. 



' ~. .' 

Non-uniform impurity distributions in  mica are knm. 

etch p i t s  due t o  impurities, edge dislocations in relatively low density, 

and hi l l txks  due t o  etching inhibition by impurities. The charging effects 

in mica are most easily explsined, therefore, by variations i n  the  impurity 

distributions i n  t h e  crystals. 

in netwrk s i l ica tes  used i n  FQan's work, is very high, Figure l3. 

case charge effects associated wi th  dislocations are 'important . 

Figure 12 shows shallow 

J5*,  
8 1  

. 

I n  contrast t o  mica, the d i s lxa t ion  density 

In t h i s  . 

Eshelhy derived t h e  charged dislocation theory to show that  t h e  yield strength 

of ionic crystals varied as a fuaction of the work required t o  mme a 

location out of its compensating charged vacancy clouil. 

controlled by doping the crystal  an3/ar varying t he  temperature. 

dis- 

This could be 

Isoelectric 

points were found as minima i n  the yield-stress which correspmded t o  neutral 

dislocations. 

A number of direct measurements of t h e  currents associated with moving 

dislocations vere inspired by Eshelby's theory [References 15-18]. 

convincing is probebly the work of lhelich L16J. 

dislocation is made t o  carry 8n uxmbigums charge which is ei ther  positive 

(pure or C a  doped NaCl)  or negative (OH' doped bc1). lfne central m a o n  - 

Most 

In t h i s  investigation, the  

++ 

f'rm which the dislocations migrate takes on a charge o m s i t e  t o  tha t  carried 

by the moving dislocations. 

The at t ract ive and repulrsive forces to be w c t e d  f m m  d l s b m t i o x  and m n -  

Unpfonn impurity distributions is sminarized i n  Teble 2. 

ordered arrays arc hportaat for neutral  dislocations since the dipole moments 

of equal numbers of Wsitive and negative dislocations Just cancel each other. 

In this case only a repulsive force can be observed due t o  the dipole structure 

Ordered and die- 
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at t he  cleavage perimeter which will prevent realignment o f t h e  perimeter. An 

induced dipole attraction of the perimeter dipole on the face would be 

attractive. H m e r ,  it is bubt fu l  t h a t  t h i s  could be observed experimentally. 

The line dipole structure of neutral dislocations generates a polarization 

ffeld when grouped into ordered m a y s .  When the  d is lxa t ions  are perpendicular 

t o  the cleavage plane a repulsive fmce is produced. Attractive forces depend 

on the  sngle between the array polarization f i e ld  and the cleavage plane. 

attractive force I s  zero (repulsive force m a x i m u n )  if the dipole m&ent is 

perpendicular t o  the cleavage-plane nomal, and the maximum when -el. 

The 

In 

betueen, the net force can be repulsive o r  attractive. Multipole distributions 

are possible d e  to nm-uniform strains which order the dipoles differently i n  

adjacent regions of the crystal. 

Charged dislocations in stressed crystals pmduce a shilar behavior. The 

force between clea.;age faces is repulsive when the cleavage planes and U s -  

location array planes are perpendicular and the force is at t ract ive when the 
/ 

planes are parallel. 

Charged dislcmtions act differently when annealed, 

I s  weaker and the attractive force covers a mosaic area which extends only I& 

In this case, the repulsion 

f'rarn t h e  dislocation 

plane is larger than l/K no attraction w i l l  be observed. 

monopole attractive force, when it exists i n  anneeled specimens, w i l l  always 

place. If the cleavage is t o  dislocation array 

Therefore, the 

be weaker than in stressed crystals. 

X?an-unifcma impurity Gistributions produce only attrective forces indepenaently 

I 

of stress, Ryan and Baker have observed UHV s i l fca te  cleavages with m long 

l.6 
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range forces, monopole attraction to  metal objects in t he  vicinity and m u l t i -  

pole orientation of mating, cleaved surfaces. It is not possible to say whether 

lack of observation of long mge forces i n  some cases is  due t o  the absence 

of charge mosaics o r  whether it I s  the nul l  resultant of campensating repulsive 

ana attractive fields. 

In cases where the high, i n i t i a l  attractive force decreases within minutes 

after cleavage t o  a stable intennecliate value, tw=, effects are important. 

First, there i s  adsorption of background gas (gas bursts have been noted often 

which come primarily i f  not entirely fKm the chamber walls) which neutrzuzes 

the  f ield external t o  t h e  crystal by polarization, or by surface ionization, 

Ion migmtion atid charge canpensation. Second, charge reparations pmduced 

by stress during the  cleavage process w i l l  relax, depending on bulk crystal, 

dislocation, s m a c e  md grain boundary caniluctivities, in times which should 

be In the range 1 sec t o  a few hours 118, 14. H e r e  again, insufficient data 

I s  available at pesen t  t=, decide unambigwusly if one o r  both mechanisms are 

operative. Although the long range, UHV attractive force persists fo r  weeks, 

It becaues imneasurably smaU as the pressure i s  raised above IOe4 torr .  

Implications of Rectrostatic Surface Charging t o  t h e  M o m  

Natural o r  flrbtrre man-induced disruption of material on the noon w i l l  p-roduce 

surfkc@ electrostatic charging in t h e  existing ultrahi& vacum. 

which relate t o  the magnitude of t h i s  effect with lunar material. are the  . 

re lat ive density of dislocations and irrpurity density gradients when campared 

sdth minerals feud on earth, and the  ewimninental conditions which contribute 

t o  ascharging the electrostatic fields. 

Factors 

Impurity density gmdients in lunar insulators should be essentially the same 



. 

as those found in earth 

in average canposition. 

.. 

ninerals even though there is probably some difference 

Differences may be expected, hawever, Avrm the higher . 

point and cluster defect densities produced by comic rays and the solas winds 

which penetrate the surface layer t o  varying depths. The flw of meteorites 

and micrometesAtes shdLd Induce a higher d isbca t ion  density in lunar surface 

minerals due t o  shack metamorphism. 

comic rays, the solar wind, and solar photms (W, X-rays and%mys) each 

I contribute t o  the electrostatic digcharge process. The sputtering component 

o f t h e  particle f lux enhances surface diffusion whereas the radiation damage 

component increases bulk conductivity. 

static charging lifetime by photoconiluctivity, photoelectric emission and 

Solar radiation decreases the electro- 

. secon&ry e lec t rm enission. These latter disckirgiw prxesses w ~ u l d  Clecrease 

the charge lifetime regardless of the origin of the mterial, whereas the 

former, radiation W a g e  and micraeteorite effectsawill depend on the expxmre 

t h e  ta the surface environment' prior t o  cleavage. 

Cnnclusions 

Long &age  electrostatic cliarging on cleaved surfaces of insulating crystals 

I s  found t o  be related t o  inhomogeneous impurity distributions and t he  mono- 

polar and dipolar structure of edge dislocations. Stress dependent disloca- 
- 

t i on  motion, crystal  m h  emrirosrmerrt, and thermal history can produce 

attractive forces, repulsive- forces, or a null force due t o  a coxpensating cam- 

bination of both. 
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Appeniux A 

The solution for the patential f'unction starts with Fbiss3n's equation 

Q 2 V =  - r k 0  ( A I 1  . 

.( fr 5s the dielectric constwt,G = 8.84 x 

amp sec/cm I x in cm, and V in volts) using the boundary conditions that the 

potentiel V = 0 at the surface X = 0 and the potential gradierrt is zero i n  

the bulk of the crysta l .  

anp sec/volt m,) is in 
0 

- 3 

Then 

where 

where the length 1 i c  
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Footnote Rige 

* Rrincipal Scientist, Lunar and Planetary Science8 Branch, Space Sciences 

Department, lh@.as Aircraft Cunpany,  Sank Monica, Wfornia.  

1. Additional relaxation may be possible if the  six atoms i n  the core 

take on a "2" coflgumtion similar to t he  (XU) zincblende structure. 

, 
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Egures 

1. Structure of edge dislocation i n  fcc rock salt cryetal  perpendicular 

to the (001). 

ions (nat t o  scde) .  

SmaJl circles represent Ma+ Ions and larger circles Cl' 

2. Motion of [OOlj edge d i s b ' a t i o a  in fcc rock salt l a t t i ce .  

3. Schematic of edge dislocation e n i t t h g  a BEL+ ion vacancy in fcc crysta3,. ' 

4. N e t  dipole mcment of edge dislocation produced by stresses acting on ions 

with different radii; fcc rock salt structure. 
I 

5 .  D i p o l e  fringe field at the perimeter of a cleave&, hanogeneow, single 

cryntal with no dislocations. 

. 6. LiEe dipole charge on cleaved surface due t o  plane array of charLed 

dislocations. 

7. Parallelline-dipalar surface charging due t o  cross slip. 

8. caaplex m u l t i p o k  surface charging due t o  plane a r r a y s  of charged e&e 

dis loca t ions .  

9. Polarization field produced by dipole mcanent of oriented edge dislxrrtions. 

10. Surface and volmc charge distributions produced by plast ic  defornation. 

Edge dislocations carry positive charge. 

Chssge distribution acd electric field produced by two different impurity 

levels in adjacent regions of a crysta3. 

ll. 

I 

12. Etch figures on cleaved n i c a  (001). 

l.3. Etch figares on orthochse (001). 

24 



I . .  

I 

c 

H 

W 
K 
3 



b 

E 
'? 
I 

f- 

'0 
0 
a 
I a 

c 



. 

y .  . 

M 

h 

h 
h 
r( 

c? 
25 

. . . . .  . . .~. - .. 

. - --__ . 

- . .  . . . . . .  . , ~  . . .  .%.__... .... - -  . . .  - 
. . . . . . .  . - . . .  



. 



t 

.+ 

+ + + + +  

+ + + + + +  

+. $ 4 -  + c  +' 

+ + + + + 

+ 

. .- . . . 



h. cv 
h 
h 
c? z 

W 

d s 

J 



,. 



, I 

- :  
I 

, I 



N 6 7 - 2 3 9 6 9  

the  range of lu; ar z&esiozal pheoccena cen b 2 qu i te  h r g t .  

3. 



, --.-- 

a r t i c u l a r ,  ve aust not only ')e comerned Kith edhesion bctaeen nission 

xaponents,  bEt elso w2th edhd?sion betme2 these cmponents ard lwar 

saterid., end the e&esion of lurar material to itself (t'nis l&t'~r deteri..nes 

ho;r well t'ne surfece m y  S L X  rt, vhatevzr structure %E? plmq q m  it). 

behavior of lunar raterial cqr be. 

It is geocrally belie&d t?at the lwar surf'aze coasists pzissx5ly of' 

silicates. Sil icates  a r e  an LnteresCiag group o f  r t a t e r i a k  f o r  a&leffim 

stdies p r i n c i p s l l y  bcccusc t :cy h a ~ e  prqyxt ies  which axe s I p l f i c ~ C 4  

different fra those of the c 2 t e r i d  stdie4 nost intensively in the p s - k  

(the metals). . Of cote, their bondirg is highly directioml,  they are 

dielectrics,  en3  they exhibit a hi,@ly brittle 'cehzvior. 

2 



c!mw4s &re m s  3tisfie8, t o  sc sevhst con-tairsted,  where su rficicnt forcigr. 

I?.zterial has been added (throi& adsorbtim and chemical m i c t f m )  to 

,>ion. This con5aqimt ion  can also be rmCt'Cd by sicple r;ec':anical abmsior. 

'me general prj>lea of lunar r.c?hesion then becmts a case O F  maswing tkc 

adhesion betvee,i the  naterlalt: involved ut i l iz ing  t h e  possi'S.e iznge of 

surface stztes.  To date w? have s t d i e d  the a&?esicz of cc;it.mira'ced s i l icz tes  

contbcting contmiEated silicrrtes and engir;eeriri n s t e r i a l s ,  srd clean s i l i ca tes  

corkacting clea 1 si l icates .  

the contacthg wrl';?ces i n  ail* and s1.15 j e c t i q  tha only to meum end heat. 

'..?le contmimted case i .zs obteir-ej, by foming 

The "clean" cas2 vas ob%siz:ed by foming  the contacking s*mfzccs ct ultmhl@ 

vacuum, by clezrage. The results f o r  contminated silicate:. contacting 

3 
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r'~l.mrte(l yrevicus2-y [ 31 ., 

in t h i s  p p r .  

cl .tavage stukies. 

Hence, these results ere only sls;.s;ariz::d briefljj 

Most enmasis if &veri to t he  results fro:2 the  ~ a c u m  
I 

I 
I 

c -  Sr mlea an8 h.ep~mttiorr 

Tl.e s i l i ca t e  szql%s ckosen %-?r 3, m o n g  the nir-ex.lE, c=*L,E;wIa~e, albite, 

b:twai te ,  horrhlecde, hyprsth ?ne, ldorar?orite, zicrccline, a i d  ardesice. 

111 additicn, a te'&ite end an c2sidizn %-ere stLdie3 8s r2prese:itztivcs of 

d:.sordersd s i l i c e t e  structures. This set IZS chosen because t'ie inicerals 

azc of camon occurrence ard lupresczt a lerze rage of s i l i c a t e  strcctures. 

D z t e i l s  of the ckexical and phjsical p x p r t i e s  of these m.'ccrisls are given 

T le engineer ing  ra te r ids  ci~osc n were alminrm (pure; 2C24), almir-a, t i t z n i  m 

( 5 ~ 4 ~ ) ,  mgnesirx (PIX-; AZ 3:3), beryuim,  nickel, and ccsne rc i a l  a a s s  

(Corning #~723j. 

possible w e  for lumr nlssiclcs s , d  i n  part b e c a s e  of their genersl i n t e r e s t  

~ n e s e  ssteri:.ls %*re cilcsen i n  prt  ..cecsusz of t 'neir 

for  research pwpses .  

4 



'3y rezding the sgring deflection with a cztketcceter., 

measurment of adhesion force 8s mall 8s 10 d p e s  a d  as l%rg? as 2 x 10 

Tne rpzirig al lmed 
2 4 

spes. 

to a chisel, the t i p  of which *as inser%ec2 ini o a pre-cut r.otch in the  saig?.c. 

rhc chisel bled€ vas shapcd 6 C 1  thzt presstm 'as applied cnly t o  the side 

Cleavage s , s  o5tsined by &?plying a gradczlly iaci%asi3g prcssm 

faces of the slct, 2s sham i n  Fig. 2. 



QS a fmction of for?&, &t It is 

I n  no case ~p.6 a h e s i m  cistec-;ed prior to system evscuetior Adhesion 

appez,r&, ha-e.. er, o n e  bsse pressye k%s achieved. 

to the  s y s t m  ( t b  at.mospkeric pres sur^) 61jEic2d to czua? !mCdi&te disap- 

I 

I n t r ~  riction of nitrogen 

6 
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?FO t y - p s  of be? E - C ~ O ~  a.rz evids!at f r a  Figs. 1; cz,d k. .  Pie first. tm, 

eppEaring a t  hiFher lmfi, is c:iaracterizcd by a very rapid r i s e  in the 

efthesion force cs 1- force ijicreases, by being >resent only rt u I t d i &  

vscum, and by prduc i rg  exten:;ive swfzce d a x z e  ard material trulsfer .  

~~rticu12-rly intereztins case I S  the  httc-r chrcc te r i s t ic  is skrm i n  Fig. 7. 

?his figme shws an esscntiax-y pure magmsica Eurfece af ter  contact u3er  

load with orthoclase. cIz16 pita 

represent arecs v3ere magresiuri has been plucked frcn t he  surfme ( a d  

depos i ted  on the  orthoclese). 

A 

A nunbe;- of p i t s  m d  h i l l c z k s  m e  evident. 

Tie hil locks erpar t o  repress.nt dLstorttd 

ereas %%ere the forces Involve(: ii=*re not sufficiently stroi-g t o  praiuce a 

F i t .  

revealed t'mt o r t h x l e s e  had been 2e2oslted ic the v i c i n i t y  of t.he gits ar,d 

on the t o p  of t:?e hiUschs.  

Et-ectron nicrqrcke snal:*sis (courtesy rr. L. Valtcrs, HLSA C'dclard) 

'ibe adhesion of th i s  orthoclase t o  the m g e s j . * m  

w b s  q M t e  strong, the &hock:;e resisting rsmmal by zechanicsl action. 

obserrrations indiczte s t rongpj  tiiat this high IC-2 ec?hesion is prcduced 

t i r o d  the a c t i m  of *e s i l ica te  ataxic b 0 r . d i . S  forces, and tiist these ect 

A l l  

cn ly  when sufficient 1-3 fora: is epplied to -.awe per,etrrtion of surface 



a p p r e n t  inability t o  czsc GW %ce d,snn@ end m t e r i a l  trac ;fer. An . 

I V :cum-?ol-ed Su cfece Adhesion 

T i e  mst nota3le differerxes be tween a i r - fonzd  end vccum-ft>m!:ed surface . 

l ' i r s  values are prcdtzced withcut t he  applicatioc of 7,cad foxe ,  and (3) 

'J~XUUEI fornetion prcxlucea a strong l o n g - m a  attractive force I d l i C ' n  was 

n:ver obserfed for the cir-fomed smples. 

Tiere are tiiree ~nossible ~ i l ' l e s l  m-producing ze:k.,er?isns fcr t?!e vecum-fom.ed 

sxrf~ccs.  

(:!) thr? dispersion forces, and (3)  electrostatic chargina ( t h i s  is i n  

These are the ect ion of (1) the s i l i c z t e  a t m i c  bctcding forces, 

ccmtrast t o  t h e  sir-forzed surfsccs vhere, besides these  forces, suface 

coatmination car. play 8 role). 

c 1 : r t d n t y  that tfe d i sp r s ion  fxces meke litt?-e or  no contriSution t o  tine 

olm?rvcd i a e s i o r  . This is con:lc2ed because -2rge m g - n i t d c  afiesion has 

appeared for rmz where t h e  surfeces pr&uced *.ere$ inzdver tcn t ly ,  of 

e>rtrerr.e rou@nesr . 

Of the t k x z  it caG be sta'xd xit'n 

9 



Of t h e  r e m i n i n g  t m  poasibi l i t !  cs, it i s  c e r k  .tn tht el-ctr xtat . i?  

ccntac t  between the Szilple5, i s  not s3 clear. 

Fig. 6 s h m s  o m  of the  r w s  of p.srticular i n t e r e s t .  

w -  see that a lerge u a e s i o n  fcrcc T Z ~ S  present  (8 x 10 

d( creased r.spidQ & i i n g  t h e  next fev ninctes, bottsxicg s u t  at a cons tan t  

ftme vhich persjsted essentially unchanged fo:. en ex-ter,Cisd ,m5d. If wz 

e:rtrapohte backkzcils i n  time t o  shoriily after cleavage %-e s > e  YnEt the 

alhcsion force epparaMy ~ T S  t h e n  very much l ~ r g e r .  

Shortl:? after cleavage 

3 dy-m:;). nis force  

. 

m i n g  the Fer iod  of 

r.rpid decreesc we aezslzred, by co the tomte r ,  the d i s t acce  02 smple sepsxation 

a t  which they  xeze pulled t o g e t h r ,  f inding tha t  t h i s  rensinzd constent. 

T n i s  apparent corstancy of loilg rznge force contrasted t o  t h e  h r g c  decrease 

i n  adhesion i nd ica t e s  t hz t  dur?.ng t h i s  period more than  one process was ac t ing .  

?his i n i t i a l  large a&hcsion m q r  be due to t h e  c c t i o n  of the sil'icate atozic 

toading forces. A4dit ional  ic l l icat ions that t-lis may be thc case were noted 

lor several run3, not shom, v:icre t h e  sm.?lcs contnctea smx.c;undirg system 

cmponents resulting i n  t r a n s f e r  a ~ d  adherence of ne ta l  t o  t h e  smple. For 

the pricd follming the rap id  decrease, hoxever, it t q s a r s  rzthcr d e f i n i t e  

tha t  t h e  surface charging is pr imr i ly ,  if not e n t i r e l y ,  r e spns ib l e  for t'ne 

r:dhcsion. 

! b e  possible o r i l i n  cf t h i s  svzface charging i s  worth n&e. 

i r ? C t l n l  V P . C W ~  c:cavsge r u w  re obsemed only 3 d i r e c t  a t t r a c t i o n  (no 

k r i n g  the  

10 I .  
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should be rzndca,, End hence we r a i l @  scab order of rr.agnitde c ilcu3;itiom t o  

d e t e m i z r  vhct'ner the ckerved ::orce c o a d  be txqlained on t h i s  basis .  

v a s  found t h a t  a charge excess :)f oxly=lO elezentzrjr charges );8s required. 

Since 2 1013 boilds %-me broken .n t he  cleavage, such a net c h u g @  is easily 

It 
7 

exphcsble  311 a :mndon cherge s ?paration basis .  

(s%qplc rotat5ozi rrrd diopbce,-.e it) indic?.tea t ~ c t  the f i e l d  is mcroscopical Ly 

arisotrcqic. 

FICrtievcr, Lat 33: obszrva t icns  

1W.s z.?.?is&roFJ- czmot be ex-plaincd oa the besjs of charge 

s e p r a t i o n  due t u  bond breek~ge.  Rzt:?er, it e--;%ars t h a t  t h c  defcct structures 

of the crystals  nay be the nsjor contributeis. 

related to defect rrechmisxs arz discussed by Grgsmm ( t h i s  syzpxitn). 

hssi'oM ckag ing  rrechnisrS 

Implicat ions t o  f.!oon - 
_c_ 

It was noted i n  the i n t r c d u c t i c n  thzt the r a t e r i a l  s*mfzces oc the &!:om coul4 

rttnge f r a  ultra:lem t o  sozewlat contwinated. 

date i rdicate  thst adhcsionzl x h e n m e m  foi. s i l i c a t e s  are hi:;izly dcser.dent 

upon t h e  surface state it can t c  expected that t he  adhesions:*- bekzvior of 

lwar Rateriels w i l l  be highly va r i e5 le  i n  both space a d  t h e .  

the precise b e h w i o r  during a ierticclar o p r a t i o n  Kill de;:E:Id upon t'ne 

Since the d::ta obtaired t o  

Also, t h a t  

h i s t o r y  of t he  srfaces  involved, ami u p  the  prticLLar o p x a t i o n  being 

perform&. 

posed to a man wtU;ing across the surface ~e m r s t  ask: 

nckeriais ciean l x  CoaLminaitdj wi?at is Lilt. rualeriai or" i J a  L U Q ~  in contact 

For .nstmce, i f  ye Kish t o  determine the ad'nesim probleas 

ere 4hc surfice 



--,-- 

zet: a )  e11 Dater ia  x r f a c e s  

end b) the  operations p?rfcmed do 

m r  Inmi  *;.he soil to 

r iet  t he  alhesion will bas czused 

large degree. 

praiarily if cot c n t i r e l j  by the .iisTerGion for226 a d  the  

. .  



rzyLdLy. 

contribitve sigzifi:antly to the  s",ren&h (the 1ca.d i t  c m  suppcrt) 

For the 3 0 1 1  itself tM? c e m s  t h z t  ac'hcsion can now 

a d  fkcxn Fig .  3 L'S see that t h e  s D i l  behavior K: U. depxd strorgly 

soiS t2 ea t tncer i rg  neteria3.5 will. incius?se an6 material 

(2) Pdhesion can beccm a iiajor Froble, os1 the K c ~ n  em1 be Vce mjor  

ccnt r ibu tor  t o  soil st ;e&h if: e) the  soil s M a : e s  a r e  ultra- 

prduce fresh surfsces. 

The r m s i t m l e  of 'cba afihesion in this esse w i l l .  be nuch larger 

t l x n  for the contdmted surfact: czse u d  the  geacral problm: 



Ccnchsions 

produced by t he  a c t i o n  of d i s p m i o n  forces, pro7Cded t t .5 swfeces 

EL- not lc&rd to .my p a t  b e m e .  3 % ~  eC;h-esion i r c , ~ a s e s  r ap i6 ly  

electrostatic charging. 





Svrfrces &'ere Fo:.~..ed in Air. 
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